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Isnardi "ACTV" (NBC/RCA/Sarnoff) System

This uses both the Fukinuki and Yasumoto techniques to add 3 low-level enhancement
signals for increasing spatial resolution and decreasing the effects of interlace. The low-
frequency component of the side panels is time-compressed and placed at the edges of the
NTSC image, hidden by the picture frame. All the other signals are highs about 12 db down
from the main signal. The receiver can be 525 lines progressive, 1050 lines interlaced, or 1050
lines progressive. There is no enhancement of chroma resolution or of audio. This system has
been simulated but not tested under realistic conditions. In all likelihood, some modlﬁcatxom
will be required for operation over noisy channels with multipath.

Yasumoto (Matsushita) System (not shown)

An extra channel is provided in the NTSC format by adding a second carrier in quadra-
ture with the main carrier. The two signals can be separated properly in receivers using syn-
chronous detectors, but crosstalk occurs in envelope-detector receivers. This requires that the
extra signal, which may have a bandwidth of about 1 MHz, be of rather small amplitude. The
scheme permits about a 25% increase in horizontal resolution, but probably cannot be used to
add side panels. This system has been demonstrated.

Fukinuks (Hitachs) System (not shown)

This scheme uses a second subcarrier, similar to the color subcarrier, permitting about 1.2
MHz of additional signal of reduced amplitude. (The Sarnoff system uses such a carrier to add
more than 2 MHz.) This is done at the expense of diagonal luminance resolution of moving
objects and of vertical chroma resolution. Three-dimensional filtering with frame stores is
required at both transmitter and receiver. Because of increased cross color and cross lumi-
nance, the enhancement signals must be of low amplitude and thus cannot be used to add side
panels. This system has been demonstrated.
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Glenn System

This is similar to the Philips System except that the augmentation signal is a low-frame-
rate version of the spatial high-frequency component of an HD signal with exactly twice NTSC
resolution. The highs signal, which is transmitted in a full or half channel, (or, in an earlier
version, in 2.05 MHz) is found by taking the difference between the HD signal and the NTSC
signal, the latter being obtained from the former by filtering and subsampling. (That is the
way I would do it - Glenn actually uses two separate cameras.) Compression of the highs infor-
mation is by diagonal subampling as in MUSE and by using 15 or 7.5 frames/sec. The 7.5 fps,
1.5-channel version is shown. The spatial resolution in stationary areas is the full HD image,
but newly-revealed areas take two or four frames to reach their full sharpness (this causes no
problems) and moving detail is somewhat blurred. Glenn claims that this effect can be
reduced by spatiotemporal filtering of the NTSC signal. A wider aspect ratio, but less than
5:3, is achieved in the enhanced image by removing part of the height of the NTSC image and
also intruding into the horizontal blanking time. The system has been demonstrated, but pic-
ture quality was reduced due to imperfect hardware.
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MIT-BE Bandwidth-Efficient System

This is a family of 6-MHz single-channel HDTV system. Part of the improvement comes
from increasing the efficiency of channel utilization by using double-sideband quadrature modu-
lation and elimination of the sound carrier and retrace intervals. A frame store and sophisti-
cated signal processing is required in the receiver. Provision is made for some data transmis-
sion as well as digital audio. The signal is divided into components, with 24 fps used for low
spatial frequency RGB, and with 12 fps transmission of luminance horizontal and vertical spa~

tial highs and luminance temporal highs

MIT Receiver-Compatible One-Channel System
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MIT-RC Recesver-Compatible System

A portion of the height of the NTSC frame is used for enhancement signals, leaving a 16:9
unimpaired area for NTSC receivers. The enhancement signals are used in a special receiver to
raise the vertical resolution to 600 Iph and the horizontal resolution to 660 ppw. There is no
enhancement of diagonal resolution. It is thought that digital audio might be added into the
enhancement signals, which can otherwise be transmitted at full amplitude. Horizontal chroma
resolution enhancement is planned by subsampling.
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6-MHZ SINGLE-CHANNEL HDTV SYSTEMS

William F. Schreiber
Massachusetts Institute of Technology

Abstract

After a short description of our TV research program at MIT, considerations related
to the character and manner of introduction of advanced television systems are
presented. The importance and feasibility of using a modern, sophisticated, programm-
able receiver in new television systems are stressed. With such a receiver, the system can
be improved over time without obsolescence, for example by introducing motion-
compensated temporal interpolation. Given such a receiver, a number of techniques are
described for more efficient use of the analog 6-MHz channel. It is also proposed to
resolve the signal into a number of components and to assign channel capacity to each
according to psychophysical principles. On this basis, it is believed that very high quality
transmission would be possible in one channel. A backward-compatible version of the
system is presented, which is thought to give nearly Muse quality, also in one channel, by
means of using a portion of the vertical height of the NTSC frame for enhancement infor-
mation.

Please note that this is an informal paper. No references are given. Many of the
ideas included are not novel, and/or are not those of the author. My colleagues at MIT
have made many contributions to this work. A more complete exposition of the two sys-
tems will be presented at the SMPTE TV Conference in Nashville next January.

The Advanced Television Research Program

ATRP is an MIT research program funded by the members of the Center for Advanced
Television Studies (CATS). Each member has a 3-year contract with MIT, paying $100,000
per year. The Public Broadcasting System (PBS), which does not make a monetary contribu-
tion, acts as a secretariat for CATS. The members are US TV broadcasters and other Ameri-
can companies interested in the TV industry. The program has Justice Department approval
under the antitrust laws. The first contract ran from 1983. The original sponsors were ABC,
NBC, Time, Inc. (HBO, ATC), PBS, Ampex, Tektronix, RCA, Harris, 3M, and CBS, of which
all but the last three renewed in 1986. Zenith and Kodak are current members. CATS is seek-
ing additional members.

The main purpose of the program is to carry out faculty/student research to learn how to
make better TV systems, either by improvement of NTSC or by development of entirely new
systems. The research agenda is set by mutual agreement. Provision is made for sponsor per-
sonnel to spend time at MIT. The program also provides opportunities for the sponsors to
meet, free of antitrust restrictions, to discuss matters of mutual interest related to the objec-
tives.

Much of the work is by computer simulation. We have a VAX 11/785 for our own use
and have access to many other computer systems, including a Connection Machine. The
HDTYV simulation facility includes several 1* VTR’s, a high-speed disk system, a real-time

HDTYV Symposium 43.1 Ottawa, October 1987 (Final)



programmable 3-d (z,y,t) interpolator for line- and frame-rate upconversion, 1000-line and
2000-line progressively scanned displays, and a frame-at-a-time 70-mm motion-picture film
scanner, all interfaced to the computer. Simulated output sequences are stored on the disk and
then played out in real time, upconverted, and viewed on one of the monitors. At present we
are limited to a data rate of 8 MB/s into the interpolator, but, by the end of the year, this will
be raised to about 72 MB/s. NTSC output is produced by recording sequences, frame by
frame, on the VTR and then viewing them at normal speed. We have also simulated a number
of advanced TV systems proposed by others.

We have built an Audience Research Facility in a large suburban shopping mall. Subjects
are recruited with a small gift, after which they view TV and/or listen to audio, answering
questions and filling out questionnaires about their reaction to the material. We have carried
out a number of studies on picture and sound quality, and expect to compare 1125-line HDTV

with NTSC this fall.

Research Agenda

During the first several years, we assiduously avoided trying to design new TV systems,
concentrating at first on methods, NTSC improvement, and fundamental studies of the image-
transmission process. We have studied filtering, sampling, and interpolation of moving picture
signals, and created a computer model of the entire process. We are actively studying means
to control cross effects in NTSC. We have done a good deal of work in motion estimation, and
applied it to motion-compensated temporal interpolation and noise reduction. For example, we
have been able to get rather good motion rendition in NTSC from simulated 12 frame/sec
motion pictures, and have successfully averaged over about 6 frames of a sequence for noise
reduction with only negligible blurring. As a demonstration of the effectiveness of adaptive
interpolation, we have shown that it is possible to lengthen or shorten a TV sequence by as
much as 20% with very high quality. A project on restoration of motion-blurred images is
underway, as well as a number of efforts in data compression. We have also simulated a novel
adaptive FM system, in which the signal is divided into highs and lows, and the highs are sub-
ject to a variable modulation index, thus reducing noise in blank areas where it otherwise
would be most noticeable. By this means, we believe it would be possible to get about 12 MHz
basebandwidth in a 24-MHz satellite channel.

More recently, we have been studying the design of HDTV systems that are economical of
bandwidth. Two such systems are described below. Simulations of both systems are now
under consideration under our current sponsorship.

The Future of Television

The subject that has dominated most of our discussions with sponsors is not only what
should be the nature of improved TV systems, but how they can be introduced in an accept-
able way - acceptable to the public and to the TV industry - and be of maximum benefit to
the country as a whole. These discussions have been very instructive, particularly on the ques-
tion of the effect of new technologies on the audience share of the various TV distribution enti-
ties. One thing that is very clear is that the approximately 140 million receivers now in use in
the US must continue to be served. Most industry people interpret this principle to mean that
any new system must be compatible, and they point to the NTSC color method as a model. I
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have pointed out that PAL was introduced in the UK, and SECAM in France, in a noncompa-

tible manner, the existing receivers being served by separate broadcasts.! This argument has
not been effective. On the other hand, the near-unanimous emphasis on recetver compatibility
among our sponsors, who, I believe, are representative of the TV industry as a whole, seems in
conflict with the participation of many individuals and companies in the deliberations of ATSC
and SMPTE which, for the most part, are directed to ironing out details of the 1125-line non-
compatible system.

There are two drawbacks, in my mind, to single-channel backward-compatible systems,
usually called EDTV. One is that the image quality that can be obtained on the special
receivers, while at the same time not degrading the quality on existing receivers, is not high
enough to qualify as HDTV. (In fact, many people do not even regard Muse as ‘“true”
HDTV.) Even if it were, I do not believe that a large share of the viewers would spend sub-
stantial extra money solely to receive the same programs in higher technical quality. The
second objection is that many of the methods proposed are technological dead ends. There is
no way to extend them to the 1000-line or more resolution nearly everyone seems to want, and

they get more and more “hairy” as we try to push to higher and higher quality.2

Another group of proposals uses an NTSC channel, for compatibility, plus an enhance-
ment channel; the special receiver puts both together to make HDTV.. I have no doubt that
this method can be made to work. However, it permanently ties up the extra channel, and
enshrines the inefficiencies and defects of NTSC in the “new” system. It prevents the develop-
ment of 6-MHz HDTV systems, which I believe is possible.

If existing receivers can continue to be serviced by NTSC or enhanced NTSC broadcasts,
then it may be economically feasible to develop a totally new system, with a goal of very high
quality in one channel. Of course, higher quality, in this or any other system, can readily be

achieved with more bandwidth. However, bandwidth is never over-abundant® and what there
is, is firmly channelized into 6-MHz chunks, even on cable.

There is good reason to believe that, starting from scratch, and without the constraint of
NTSC receiver compatibility, a much better system than NTSC could be developed. It must
be remembered that NTSC, in addition to being compatible with its monochrome predecessor,
had to assume a very simple receiver. With today’s technology, let alone what we can reason-
ably expect in the 90’s, for the same real price as the first color receivers, we can now have
something much more sophisticated. For example, it would have been inconceivable to call for
a frame store 35 years ago; it is inconceivable that the TV receiver of the future should be
without one!

'Admittedly, conditions were quite different in Europe at that time from in the US today. In might well be easier to do this under
present conditions, especially if station-ownership rules were changed to accomodaie HDTV.

? Lesser improvements in NTSC, such as removing cross effects, and possibly the use of a progressive-scan display, may well go ahead
under normal market pressures, for their own sake, and not as a stepping stone to HDTV. Some often-discussed improvements would not be
s0 easy to implement, however. For example, elimination of cross color and cross luminance requires prefiltering at the transmitter, an
operation completely impractical in the composite studio. In the case of upconverted receivers, very little improvement in displayed vertical
resolution, which must originate in the camera, is possible without producing totally unacceptable interline flicker on interlaced receivers.

IWitness the alarm with which the TV industry has reacted to the proposal to give part of the UHF band to land-mobile radio.
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In the following section, I shall describe some techniques that might be applied to the
solution of this problem. They involve a sophisticated receiver, a signal divided into com-
ponents that can be processed by such a receiver, and a more efficient analog modulation
method. Properly configured, such a receiver can also serve in an appropriately designed
backward-compatible 6-MHz system. If this is true, then such systems, which are overwhelm-
ingly preferred by broadcasters, need not be technological dead ends. Instead, they can be
stepping stones to the future, in which, as visualized in the recent FCC Notice of Inquiry,
NTSC can eventually be phased out.

Principles of More Efficient TV Systems

Better analog channel utilization. Eliminate the separate sound carrier, the retrace inter-
vals, and vestigial sideband transmission. Instead use two 3-MHz baseband signals, quadrature
modulated onto a single carrier in the middle of the band. Use time multiplexing of the vari-
ous components, reserving about 1/12 of the time for audio and data. This gives an improve-
ment of as much as 70% in efficiency (pels/sec per unit bandwidth.)

Separation of camera and display standards from those of the channel. This involves a
frame store and high-rate progressively scanned display. It gives a very high Kell factor and
permits high vertical resolution in the camera without interline flicker in the display. Note
that with an interlaced display, the maximum permissible camera vertical resolution without
producing such flicker is barely half the theoretical value. This method effectively increases
the resolution at least 40%.

Increased spatial resolution/reduced frame rate. There is a good deal of evidence that
today’s 60 fps, which was chosen primarily on account of large-area flicker considerations! is a
poor tradeoff when a flickerless display, driven by a frame store, is used. The acceptance by
viewers of motion rendition in film at 24 fps, and, even worse, when 24-fps films are shown on
NTSC by any of the usual methods, indicates that it would be better to use the capacity for
higher spatial resolution. After all, that is the principal claim of HDTV. I would guess that 18
frames and 36 fields per second would be entirely satisfactory with a carefully designed nona-
daptive interpolator. This should give much better motion than film, and would result in
another 2/3 improvement in resolution.

Reduced relative diagonal resolution. I am less sure that this technique really works, as
our audience tests indicate no special preference for the diamond-shaped passband. However,
even making the diagonal resolution equal to the vertical and horizontal resolution gives an
improvement of perhaps 20%.

Relatsvely lower frame rate for high spatial frequencies. This technique is used in Muse
and by Glenn, as well as in the Philips and Sarnoff/NBC systems. The savings depend on just
how the band is divided, but come to at least 25%.

Relatsvely lower frame rate for chrominance information. The applicability of this tech-
nique is indicated by psychophysical data indicating that the bandwidth for chrominance tem-
poral variations is considerably lower than for luminance. Since we propose to use chrominance

‘I suspect the power line frequency itself was chosen for the same reasons!
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spatial resolution about 1/3 that of luminance in all directions (rather than the very unequal
resolution used in NTSC), only about a 5% improvement would come from this technique.
However, it might be wuseful in a mixed-highs system, which we favor over a
luminance/chrominance system, from SNR considerations.

If all these improvements in efficiency multiply, then we shall have about a 6-fold increase
in the area spatial resolution compared to NTSC, even with nonadaptive interpolation. This
would give a quality at least equal to Muse, with the possibility of eventually getting much
better.

Improvement in signal-to-noise ratio. To my knowledge, no one has proposed that higher
quality TV demands higher SNR on the pictures actually seen in the home. However, it is
quite clear that, at least in the US, the link between transmitter and receiver is indeed the
weakest link in NTSC. I rather suspect that most viewers, shown pictures on a studio monitor,
would call that HDTV. In the mixed-highs system, adaptive modulation, similar to that men-
tioned above in connection with the adaptive FM system, can reduce noise to a very consider-
able degree in the blank areas, where it is most visible. The degree of improvement depends on
how the signal is split into lows and highs. Especially where a data channel is available for
transmission of adaptation information, this is a very effective method of improving picture
quality.

The Open-Architecture Smart Receiver

The previous section implies that the receiver not only has a frame store, but is capable of
separate interpolation (upconversion) of the various components, some adaptively modulated,
as well as the assembly of the various components into appropriate video signals for display. If
we indulge in some ‘“newthink,” that is, look around at the proliferation, in our homes and
offices, of very inexpensive but nevertheless very powerful computational and storage com-
ponents, it becomes reasonable to think about a much more powerful receiver that would prob-
ably cost very little extra. In the millions, which is the level we should think about for
receivers, computational capability becomes very cheap indeed.

An example of a capability made possible by computational power is flexible transmission
frame rate. The receiver can be capable of adapting itself, under the control of a small amount
of digital information transmitted along with the picture signal, to the signal format. By this I
mean, not only NTSC, SECAM, and PAL?® (there are already receivers and VCR’s that do
that), but different frame rates. These can be chosen at the transmitter according to the sub-
ject matter, on a program-by-program, scene-by-scene, or even frame-by-frame basis. Sports
scenes can be shot at high temporal resolution, and slow-moving outdoor scenes at high spatial
resolution. In both cases, the display, as distinct from the transmission, would operate at both
high resolution and high frame rate to give a flicker-free picture without visible line structure.

Another set of capabilities can be introduced, at modest cost, by adopting a bus-
structured open architecture. If we think of a modular receiver consisting of a tuner, computa-
tion section, and display module - the latter including the refresh memory - it is clear that,

*It would also be pratical to adapt such a receiver to any of the recently proposed HDTV or EDTV formats.
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with the right arrangement, the computation section can be made very flexible, in the same
manner as as IBM PC. A programmable receiver of this type would permit improvements in
the system to be added at a later date, as we learn more about the video processing problem.
It would also allow third parties to design plug-in software or hardware modules to give special
capabilities, such as interactivity and easy connection to a wide variety of peripherals. These
might include computers, cable, VCR’s, video games, and, perhaps most important of all, elec-
tronic still photographic equipment.

An exceedingly important capability that might be added at a later date is motion-
compensated temporal interpolation. The work at ATRP and elsewhere shows that good
motion rendition, i.e., smooth and sharp rendition of moving objects, is possible using motion
compensation. At the present time, this is too computationally intensive for serious considera-
tion in receivers. However, if there are enough receivers ready to plug them in, it may well be
possible to develop integrated circuits cheap enough to use for this purpose. In that case,
much better performance can be achieved from the same receivers, simply by a different trade-
off of spatial and temporal resolution at the transmitter.

We have discussed this general idea at MIT for the last six months or so. The more it is
discussed, the more I have come to believe that a receiver of this type, with its built-in protec-
tion against obsolescence, may well be the single most important ingredient of the TV system
of the future.

A Backward-Compatible Single-Channel System

The previous discussion was centered on means for getting very high quality in a-single
channel in a noncompatible manner. However, when considering the capabilities that are rea-
sonable to incorporate in the receiver, it becomes evident that there is a rather simple way to
modify NTSC to achieve very high quality on new receivers, together with acceptable opera-
tion on existing receivers.

Iredale and others have suggested that the different aspect ratio of the proposed HDTV
systems and of NTSC be accommodated by removing part of the height of the NTSC picture.
Others have suggested adding side panels to NTSC, which amounts to the same thing, from
the artistic point of view.® There is a twist to this that I think is worth considering. If 25% of
the NTSC picture height is usurped (60 lines each at top and bottom), we are left with a pic-
ture 360 lines high with an aspect ratio of 16:9. If these sections are used for enhancement sig-
nals of the kind discussed above, it would be possible to achieve nearly Muse quality on a spe-
cial receiver. This special receiver could be exactly the same smart receiver previously
described. In this application, it would receive NTSC 75% of the time and HDTV-type highs
components 25% of the time. Something would have to be done for horizontal chrominance
resolution (vertical is already high enough), but that also seems possible.

The standard receiver would see bars of moving noise - the enhancement signals - in these

*My own opinion is that both schemes are defective in that they completely ignore the intention of the artist in making the film. For
example, Woody Allen thinks aspect ratio is so important that he forbide any change when his films are shown on television!
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areas. The annoyance level could be reduced somewhat by proper signal design.” The usual
overscan setting on most receivers would make the bars smaller. If desired, an inexpensive
adaptor could blank them out. This adaptor would be especially cheap in receivers connected
to cable boxes or VCR's since it would only have to work on one channel. New NTSC
receivers could have the blanking arrangement built in at negligible cost. Note that in all
cases, the standard receiver would see the entire picture, since the aspect ratio of both formats
is exactly the same.

Conclusion

We have described a set of techniques by which the efficiency of the analog 6-MHz chan-
nel could be substantially increased. This, together with a division of the video signal into a
set of components, and the assignment of channel capacity to the components in an optimum
way, could permit the transmission of very high quality images in a single channel. A smart
receiver, required to reassemble the signal and display the image at high line and frame rate,
could easily be adapted to a scheme for backward-compatible transmission. In that system,
existing receivers would display an image that is unimpaired for the central 360 lines. The
smart receiver would also be capable of being upgraded over time so that the system could con-
tinue to be improved in quality without obsolescence.

The opinions expressed are those of the author alone, and not of MIT or the members of
the Center for Advanced Television Studies. The contribution of students and colleagues to
these ideas is gratefully acknowledged.

TAlthough I certainly do not wish to imply that there is an advantage in having bars at top and bottom (although it does eliminate the
problem of aspect-ratio conversion), making them look like fine-grain noise would considerably reduce their visibility, Like the NBC Peacock
of the early days of color (“The following program is brought to you in living color!”), it might serve to remind the viewers that they could
see a better picture by buying a better receiver.

HDTV Symposium 4.3.7 Ottawa, October 1987 (Final)



VAX 11/785 30 MByte

Main memory

Ampex

VPR 2b VTR

70-1;m ]
ujitsu Film scanner r_-rm-.lme
Parallel- Monitor
Transfer
Disk(s
D::r‘:m 3D 1000-line
Buffer Interpolator Monitor

MIT-ATRP HDTV SIMULATION SYSTEM

Sequences of output images are computed and stored on the disks. For NTSC
output, the images are written on the Ampex 1° VTR one frame at a time. The
tape is then played back at normal speed for viewing. For upconverted output, the
images are written on the Fujitsu parallel-transfer disk(s), buffered in the Dataram,
upconverted in the 3-d interpolator, and viewed on the 1000- or 2000-line monitor
at 60 fps progressively scanned. The 1000-line system has been in operation since

March 1987; the 2000-line system will be in operation by January 1988.
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NTSC-COMPATIBLE EDTV SYSTEM

Space is made for enhancement signals by using 25% of the height of the
NTSC frame, leaving a 16:9 area for the image. Thus, both the NTSC and EDTV
images have the same aspect ratio. The enhancement signals are scrambled to the
extent practical, and other steps may be taken to make their appearance less dis-
turbing on normal receivers. The NTSC sound carrier is continuous through the
enhancement region, but otherwise this time is used in an efficient manner, as
described for the noncompatible system, to transmit augmentation signals. These
are used to increase the vertical and horizontal resolution, but not the diagonal
resolution. Some portion of the channel capacity in the enhancement region may be
used for audio, data, and/or progressive scan of a low horizontal frequency portion

of the 2-d spectrum.
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ARCHITECTURE OF A POSSIBLE SMART RECEIVER

The input and display sections are fixed, while the processing section is pro- .
grammable under the control of a small amount of digital data transmitted along -
with the signal. This section can also be upgraded by adding or exchanging
modules, some of which could be offered by third parties. A more advanced con-
cept would put the detector in the processing section, in which case its output could
be a digitized IF signal extending from perhaps 1 to 7 MHz. This would permit
programmable digital detection of signals with multiple carriers, such as in the Phi-
lips or NBC/Sarnoff systems. Other configurations are possible for the display unit,
which probably should use the mixed highs or luminance/chrominance representa-
tion rather than RGB.
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Psychophysics and the Improvement of Televiston Image Quality

Society of Motion Picture and Television Engineers Journal (SMPTE)
August 1984

Improved Telenision Systems: NTSC and Beyond

SMPTE Journal
August 1987

William F. Schreiber

These papers are intended for scientists and engineers working on the development of
advanced television systems. They should be fully understandable by any recent engineer-
ing graduate and understandable in large part by engineers and scientists in any field.

The first paper gives the technical background in visual perception and in signal pro-
cessing that must be considered in designing improved television systems. It discusses the
various limitations to picture quality in existing systems. In a general way, methods of
applying these fundamental ideas in TV system design are discussed.

The second paper discusses the specific problems of existing television systems and
how they limit picture quality. Methods of improving quality in present systems, both
with and without extra channel capacity, are discussed. Requirements for totally new sys-
tems are given, and ways to design them are discussed in the light of fundamental princi-
ples of psychophysics and signal processing. Examples are given of HDTV within a single
6-MHz channel, HDTV using the digital transmission standard of CCIR Recommendation
601, and super-HDTV (far exceeding typical 35-mm image quality) at about 500
Megabits/sec.
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Psychophysics and the Improvement of Television

Image Quality

By William F. Schreiber

Worthwhile improvement in television image quality is obtainable by signal
processing at the receiver. However, improvement to the level demon-
strated by NHK requires a large bandwidth expansion if only straightfor-
ward means are used, such as increasing the line and frame rates. This
paper discusses a number of methods for obtaining maximum quality for
a given bandwidth. Some of these methods take advantage of visual
psychophysics, which is reviewed. Others deal with the special charac-
teristics of TV cameras, displays, and scanning patterns. Quite complicated
signal processing, expected to become practical in the next few years, is
proposed to improve system performance.

Thirty years’ experience with the
NTSC and PAL TV systems has
demonstrated the general soundness of
the original concepts and the appro-
priateness of the chosen parameters.
Despite the stringent constraints of
compatibility with the then-existing
monochrome system, picture quality
has proven acceptable, the hardware
sufficiently inexpensive and reliable,
and a large industry has arisen based
on this technology.

Introduction

Motivation

A number of forces have developed
for changes in these systems with a
view toward improving picture quality.
One is the rapid increase in the variety
and capability of semiconductor de-
vices, especially memory, and the ac-
companying decrease in cost. Much
more sophisticated signal processing is
thus becoming feasible. Frame
memories will probably become prac-
tical in receivers before the end of the
decade. Many other improvements,
such as comb filters and digital de-
modulation, are already practical.
Other possibilities arise from digi-
tization of post-production, which
promises greater convenience and
flexibility for the producer, more

Presented at the Society's 18th Annual Television
Conference in Montreal (paper No. 18-3) on February
10, 1984, by William F. Schreiber, Massachusetts In-
stitute of Technology, Cambridge, MA. This article
was received February 10, 1984, and also appears in
Television Image Quality, published 1984, SMPTE.
Capyright © 1984 by the Society of Motion Picture and
Television Engineers, Inc.

SMPTE Journal, August 1984

complicated effects, higher signal-
to-noise ratio (SNR), and perhaps
precorrection for certain degradations
likely to be produced by channel and
receiver.

The strongest impetus for im-
provement has undoubtedly come from
the demonstration of the Japanese
{NHK) HDTYV system.! While it is
not surprising that better pictures can
be obtained with four to five times the
bandwidth, impressive technological
virtuosity was exhibited by the devel-
opment of the system components,
particularly the camera and picture
tubes. The sight of vastly improved
images, comparable to 35mm theatre
quality, on real TV equipment, has
whetted everyone's appetite for more
improvements, but preferably with less
increase of bandwidth.

The path to the practical application
of these potential improvements is
hardly clear. There are few channels
suitable for the NHK system* and
there is a serious question as to
whether, or by what means, a new
system ought to be made compatible.
Many possibilities for improvement
have been demonstrated which do not
require so much bandwidth.? Digi-
tization for such a system would be
considerably more difficult and ex-
pensive than in the case of NTSC.

The principal purpose of this paper
is the discussion of methods, based on
visual psychophysics and signal pro-
cessing, by which maximum picture

* Some exampies are direct broadcasting from sateflites
(DBS), cable TV, and fiber optics.
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quality can be obtained for whatever
channel capacity is provided. It is
recognized that there are many other
important considerations in the design
of new TV systems, such as removing
the defects of NTSC, but they are not
discussed here.

TV as Visual Representation

In a sense, the TV system substitutes
for directly viewing the original scene;
hence its success in that role can be
used as a measure of its performance.
True *“presence” is unattainable with
any currently proposed system, not
only because of the limited spatial and
temporal bandwidth and field of view,
but because of the two-dimensional
(2-D) representation of a three-di-
mensional (3-D) scene. A truly serious
limitation is the use of a single mon-
ocular camera of fixed gaze, perhaps
panning to track a (singie) moving
object, while the viewers are many and
are constantly moving their eyes over
the scene. Finally, although the
large-area color reproduction is often
excellent, the dynamic range of a
cathode-ray tube is far below that of
most outdoor and many indoor scenes.
The tncreased definition and field of
view of the NHK system are steps in
the right direction. However, its mo-
tion rendition is bound to be poorer
than at present since the field of view
is larger and the frame rate is the
same.

The Potential Contributions of
Psychophysics

Psychophysical principles were ap-
plied in the development of both the
monochrome and color NTSC pro-
posed standards.3 The relative hori-
zontal and vertical resolution, the
frame rate, the use of interlace, and the
overall image quality goal were all se-
lected in this manner in 1941 for the
monochrome system. In the color de-
liberations, the primary psychophysi-
cal contributions concerned the rep-
resentation of the color signal 3as
luminance plus lower-resolution
chrominance. Nonvisibility of the ¢color
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Figure 1. A generalized TV system.

subcarrier was more a hope than a
fact, and the desired noninterference
between chrominance and luminance
never did exist, in general. There was
no justification in psychophysics for
the gross disparity between vertical
and horizontal chrominance resolu-
tion. It is true that a number of the
color-related problems of NTSC were
less visible because of the properties of
the then-existing transducers. In any
event, virtually all contemporary pro-
posals abandon the nonreversible
mixing of chrominance and fumi-
nance.

One hope for future improvement
rests on the considerable body of evi-
dence that neither the NTSC nor the
NHK system makes maximum use of
the luminance bandwidth. The sam-
pling theorem states that a certain 3-D
bandwidth (the Nyquist bandwidth)
should be recoverable “exactly,” given
the vertical and temporal sampling
frequencies and the signal bandwidth.
Yet, through a combination of factors,
the system throughput. at the upper
(3-D) limits of the Nyquist bandwidth,
is much less than 100%. Furthermore,
simply increasing the response would
not increase perceived quality in most
cases. since certain defects would be-
come more obvious. A number of
demonstrations have shown that much
better pictures can be produced from
the existing transmitted signal simply
by up-converting the line and/or frame
rate, thereby decreasing flicker and the
visibility of the line structure.?
Wendland has proposed the use of
spatially interlaced sampling to accord
more closely with the angular depen-
dence of visual acuity, and Glenn has
_proposed exploiting spatio-temporal
Interactions for much the same pur-
pose.t

In this paper, we shall first describe
the television process from the view-
point of linear signal transmission
theory, the input being the collection
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of illuminated objects before the
camera and the output being the pic-
ture display as perceived by the viewer.
We shall then review some psycho-
physical data that characterize visual
response under controlled (and, un-
fortunately, rather artificial) condi-
tions. With this background, we shall
calculate the required channel capac-
ity for a variety of idealized systems,
and show that no straightforward
system can give greatly improved

‘quality without unreasonable band-

width expansion. Finally, we shali
discuss a number of alternatives to
current TV system design that exploit
more thoroughly what 1s known about
human vision. Most of these proposals
involve signal processing considerably
more complex than now used. Thus
they may not become economically
feasible for a number of years. When
they do become practical. however,
they promise a much better quality/
bandwidth ratio than is now achiev-
able. We shall not discuss the addi-
tional improvement that might be at-
tained by statistical coding.

The TV Chain as a Linear System

A Ceneralized TV System

As shown in Fig. 1. light from the
scene before the camera is caused to
form an image. i(x.y.t). in the focal
plane. We call this image the *“video
function.” It is a vector for colored
images. The purpose of the system is o
produce a modified version, i'(x,y.7),
on the display device for viewing.

The video function is converted 10 a
video signal, ¢(r), by a scanning pro-
cess operating on the charge image
developed by the camera. A simple
view of this process is that the signal
produced from each point of the focal
plane is proportional to the intergrated
light power that falls on the point be-
tween sampling times. The video signal
is further processed by the channel
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(modulation, filtering, digitization,
transmission, etc.), producing a mod-
ified signal, v’(r), to be applied to the
display device. The display process can
be thought of as tracing out, on the
viewing surface, a scanning pattern
{raster) like that in the camera, in
which an amount of energy is emitted
at each point of the raster proportional
to the light energy collected at the
corresponding element of the camera
focal plane. In practice, the emitted
energy.is spread out over a time inter-
val, atmost always much shorter than
one frame time.

This description reveals a significant
difference between the original and
reproduced video functions. The for-
mer is continuous in space and time, .
while the latter is highly discontinuous.
If the output were continuous, the
system could be characterized simply
by its spatio-temporal frequency re-
sponse which could then be compared
with the corresponding sensitivity of
the human visual system (HVS). This
space-time discontinuity is the cause of
much of the inefficiency in utilization
of the channel capacity. Simple-
minded elimination of the sampling
structure by blurring, the use of long-
persistence phosphors, or by viewing
from a distance, attenuates important
components of the transmitted signal
as well as the structure.

The Special Problemn of Interlace

Since 30 frames/sec, progressively
scanned, produces totally unacceptable
large-area flicker, interlace was in-
troduced early in the history of TV
development, doubling the flicker rate
to 60 Hz while preserving the full
number of lines in the frame. The only
condition under which 30-Hz large-
area flicker can resuit with interlace is
when the average brightness of odd
and even fields is significantly unequal,
a rare event.

Interlace has problems as well as

SMPTE Journal, August 1984



advantages. It was recognized at an
early date that with phosphors of per-
sistence short enough not to cause
interframe blurring, vertical motion
could often produce a display with half
the number of scan lines. Horizontal
motion ought to produce serrated
vertical edges, but usually does not
because of camera integration. [t was
not generally recognized that for
viewing distances at which the lines
can be clearly resolved, the interline
flicker rate is 30 Hz, easily seen as a
shimmer. A side-by-side comparison
of interlaced and noninterlaced images
(the latter requires twice the band-
width, of course) makes these differ-
ences very obvious.

Even at viewing distances at which
the line structure cannot be resolved,
30-Hz flicker is clearly visible in in-
terlaced pictures in areas having sig-
nificant vertical detail. Flicker occurs
when odd and even lines are suffi-
ciently different at any resolvable
spatial frequency. This flicker can be
eliminated either by reducing the ver-
tical resolution of the camera and/or
the display, or by integrating over a
full frame by some temporal averaging
device. With any such method, spa-
tio-temporal resolution is reduced.

In the light of these considerations,
the subjective effect of interlace has
never been fully investigated. since
vertical resolution, whose role has only
been appreciated recently, was not
adequately controlled. Even so,
Brown'’s early study concluded that for
a 225-line TV image at 50 fL, viewed
at eight times picture height, interlace
produced a subjective increase in ver-
tical resolution of only 24% (36% at 40
fL. and a mere 6% at 100 fL) in the
line number compared with a pro-
gressively scanned image at 60 Hz.” A
similar NHK study in 1982 showed an
increase of 20% for a 1500-line picture
viewed at two times picture height.?
These numbers are so much lower than
100%, which would be obtained if in-
terlace “worked,” one wonders why it
has been thought to be so effective. For
present-day scanning standards, in-
terlace clearly produces artifacts which
become more troublesome as the ver-
tical resolution is increased and as the
image is more closely viewed, while the
vertical resolution is increased only

lightly.

Special Properties of the Camera

[n most camera tubes, the target,
which integrates the incident light at
each point between successive visits of
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the scanning beam, is almost com-
pletely discharged each fieild. The in-
tegration area, in the vertical direction,
thus comprises at least two of the 525
nominal scan lines. A vertical pattern
of 262.5 cycles per picture height (cph)
is rendered with zero response, and a
frequency of even half that is sub-
stantially attenuated, to a degree that
depends on its phase. Yet the sampling
theorem tells us that we ought to be
able to use the full bandwidth of 262.5
cph. If, however, the vertical response
of the camera is increased, as it readily
can be, for example. in laser scanners,
we see disturbing interline flicker.

In some modern CCD cameras
which have one row of detectors for
each scan line, the pairing of two lines
of data for each output line is deliber-
ate.’ In cathode-ray camera tubes, the
process is more complex due to the
physics of target discharge and the
shape of the electron beam.'? In this
case, dark areas are completely dis-
charged by the leading edge of the
beam, while bright areas are not fully
discharged until passed over by the
trailing edge. The resulting geometri-
cal distortion and small-area tone-scale
distortion are not very serious. More
important is the fact that, as ordinarily
operated, the vertical resolution of
camera tubes is much less than the
horizontal resolution (expressed as
lines/mm on the target). This is for-
tuitous, since higher vertical resolution
would make interlace even less ac-
ceptable. However, the result is that by
employing interlace, we have sacrificed
a significant portion of the theoreti-
cally available vertical definition, and
with it, much of the expected ben-
efit.

The Picture Tube

Cathode-ray display tubes are es-
sentially linear; thus the integrated
light output at each point can be found
by convolving an ideal (zero spot di-
ameter) raster with the beam cross
section, which is generally Gaussian.
With such a shape, the elimination of
line structure by defocussing (or by
blurring in the eye) aiso blurs the
image. In color tubes, an additional
factor is the structure of small phos-
phor spots. In a 19-in. diagonal
shadow-mask tube with 0.31-mm triad
spacing, only about four triads are
available for each picture element in
the NTSC system. This is bound to
introduce a great deal of spatial high-
frequency noise, to which, fortunately,
we are not very sensitive. However, the

4.4.5

channel SNR for AM transmission is
uniform with bandwidth and therefore
does not take advantage of this phe-
nomenon.

The Channel

In present-day systems, the purpose
of the channel is to reproduce at the
picture tube the output of the camera
tube with perhaps some minor amount
of processing. Of course, noise is in-
variably added in the process and there
may be some loss of bandwidth. As
pointed out later, the most probable
source of major improvement would be
the introduction of substantial signal
processing between camera and
channel and between channel and
display. Since the second processor
must be cheap, that is the location of
the significant technological chal-
lenge.

The Psychophysical Background

Normal Seeing

The HVS, presumably as a resuit of
evolution, is well adapted to rapidly
deriving a-large amount of useful in-
formation from the scene before the
observer. This scene, 3-D, variously
illuminated, and moving, produces
slightly different 2-D images on the
retinas of the two eyes. The eyes are in
constant voluntary motion over the
scene, both by head motion and by
rotation in their sockets. They also
execute small involuntary motions
which have been found to have an im-
portant, even essential, role in vi-
sion.!!

The retina consists of a matrix of
receptors of two kinds — cone cells
which exclusively cover the central 2°
(the fovea) and whose density de-
creases away from the axis, and rod
cells whose density is maximum {5°
from the center. Cones are responsible
for the high visual acuity on axis and
for color vision at normal (photopic)
levels. The rod cells, which are much
more sensitive, provide off-axis low-
light-level (scotopic) sensitivity but
have much lower spatial resolution,

The sensitivity of each cell depends
on its state of adaption and on the ex-
citation of its neighbors. The sensitivity
is characterized by both a static
(input-output) function and a fre-
quency response. Spatial resolution of
point objects is roughly equal to cell
spacing, but because of cooperation of
retinal receptors, resoiution of long
parallel lines is much finer than the cell
spacing. The discrete nature of the

719



retinal mosaic is never obvious in nor-
mal vision. Much visual processing is
carried out on the retina itself, but
additional processing occurs at higher
levels of the nervous system.!2

Characterization of Visual Response

Learning about vision is a frustrat-
ing study, since the vast literature
would take vears to master, yet data
are lacking on many points that are
vital to the design of efficient systems.
Although all aspects of the visual sense
are remarkably interdependent, it is
customary to begin by discussing its
performance along separate axes.

Contrast Sensitivity

By contrast sensitivity, we mean the
visual response as a function of lumi-
nance, although what is usually mea-
sured is the just-noticeable difference
between near-equal luminances dis-
played side by side or one after the
other. Obviously, temporal or spatial
separation is essential for measuring
contrast thresholids, so that it is quite
impossible to separate contrast sensi-
tivity completely from these other
variables.

With the usual test field (Fig. 2). the
observer is allowed to adapt to the
surround. L, and then the smallest
discernible AL is found.!? The result
of this measurement (Fig. 3) shows
that AL/L is nearly constant over five
decades. We can thus see over an
enormous luminance range, given time
to adapt. The constancy of AL/L is
called the Weber-Fechner law, the
fraction being as small as 1% under
optimum viewing conditions.

In the more normal situation —
observing actual scenes or their re-
productions — the degree of adapta-
tion is much less. If we now measure
AL/L as a function of the adapting
luminance Lo, using a target such as
that of Fig. 4, we find that the operat-
ing dynamic range is much smaller.
More significant is the appearance of
the central patches as a function of the

— L

| L+AL

Figure 2. Contrast sensitivity target.
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relative brightness. When the surround
is about 100 times brighter than the
central area, the latter looks black, no
matter what its actual luminance,
while in the reverse case it looks
white.'* When the central area is suf-
ficiently intense, it appears to be a light
source rather than an illuminated
surface.

For picture reproduction. this means
that nearly four decades of dynamic
range are required to give the visual
impression of a real high-contrast
scene. such as outdoors on a clear day.
This condition is approximated by
optical projection from film with good
equipment in a perfectly dark room.
Under all other conditions, such as TV
displays, the dynamic range must be
compressed. Although this can be done
so as 1o give pleasing results in terms of
brightness and contrast as those terms
are normally used. it is very hard to
umpart realism.

Temporal Frequency Response

Flicker and motion rendition are
associated with the temporal response
factor. so it is of great importance and
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has had the attention of psychologists
for many years. The “purest” method
of measurement (least contaminated
by other factors) is to superimpose a
sinusoidally fluctuating component on
a constant luminance and to use a very
wide field with defocussed edges. The
definitive measurement has been made
by Kelly.!* The most interesting aspect
of his results is that over a significant
range of temporal frequencies, the
HVS is a differentiator (Fig. 5), not an
integrator. Flicker in this range is very
noticeable. It is quite evident that at 25
or 30 Hz, flicker is almost always
present. At 50 or 60 Hz, it is present in
very bright images. To avoid flicker in
the worst case, which is at the edges of
a bright, wide-field display, 80 or 90
Hz might be needed. Note that peri-
pheral flicker is sometimes seen in
wide-screen motion pictures, where the
flicker rate is usually 72/sec.

Spatial Frequency Response

Visual acuity — the ability to see
sharply and resolve small details — is
one of the most obvious aspects of vi-
sion. Although threshold contrast is
often measured as a function of spatial
frequency using square-wave gratings
at various angles, the results are easier
to interpret if sine-wave gratings are
used.'® A variety of indirect methods
have also been used, in which transient
response'’ or response to filtered ran-
dom noise'8 has been measured. De-
spite the hazards of applying linear
analysis to such a nonlinear system, all
the results are similar to those shown
in Fig. 6. Remarkably, the spatial
characteristic also shows a differen-
tiation region, one of the effects of
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which is to sharpen images signifi-
cantly. It is thought that this effect is
due principally to neural interaction on
the retina. Note that there is some re-
sponse up to 30 or more cycles per de-
gree (cpd). For a 90° display, 2700
cycles, or 5400 picture elements, would
be required for absolute invisibility of
the scanning structure. For the lines in
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an NTSC picture to disappear com-
pletely, only a 16° field can be cov-
ered.

In the vertical and horizontal di-
rections, the spatial frequency response
is almost equal, but at 45° it decreases
by a factor of 2 or more. This is the
main reason why half-tone patterns are
usually at 45°. It is also the basis of
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proposals for interleaved sampling.'®
Whether this would be advantageous
is hard to say. Baldwin carried out a
very careful experiment to determine
the effect on picture quality of varying
the relative horizontal and vertical
resolution.?® For pictures of 56-in.2
area with about 36,000 resolvable
elements viewed at 30 in., the jusi-
noticeable degree of asymmetry was
2.5:1, despite the equal horizontal and
vertical limiting resolution of the eye.
Thus it is not obvious that interleaved
sampling would improve image quali-
ty, although it might make structure
less visible.

Spatio-Temporal Interactions

Measuring the combined effect of
spatial and temporal fluctuations is
more difficult, and a wider variety of
methods can be used. There is rea-
sonable agreement that peak sensitiv-
ity is at about 2 Hz and 2 cpd, with
integration at higher frequencies and
differentiation at lower frequencies.
This has been modelled as the differ-
ence between an excitatory and an in-
hibitory response, an interesting point,
but not of direct value to the system
designer.2! There is evidence that the
shape is somewhat more complicated,
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but the essential result is that the de-
rived passband in 3-D frequency space
is not cubical, but more nearly ellip-
soidal. No one seems to have repeated
Baldwin’s experiment for spatio-tem-
poral resolution. Just because the
limiting spatial and temporal
frequencies have been shown to be in-
versely related, does not prove, in a
system where the signal components
are well below the limiting frequencies,
that the system bandwidths ought to be
so related.

Masking

Of great interest to the psycho-
physicist, and in this case of equal in-
terest and value to the system designer.
is the phenomenon of masking. In all
sense modalities, response to particular
kinds of stimuli is reduced significantly
by the presence, in the immediate
spatio-temporal neighborhood, of
similar stimuli. In the case of large,
uniform, slowly changing scenes, we
call this phenomenon adaptation. Itis
of great value because it enables us to
see well under a wide variety of con-
ditions.

A similar phenomenen occurs for
stimuli of similar spatio-temporal
content. Exposure to a spatial grating
reduces sensitivity to gratings of sim-
ilar spatial frequency seen just after-
wards or even just before.22 Exposure
to a temporal sinusoid reduces sensi-
tivity to sinusoidal flicker of like fre-
quency.? The presence of “activity”
(sharp edges or fine detail) reduces
noise sensitivity in nearby areas.”* An
example of the latter in the space do-
main is the much lower visibility of
additive random noise in detailed or
“busy” image areas and its much
higher visibility in relatively blank
areas. For this reason SNR, even
weighted according to the variation of
noise visibility with frequency, is a very
poor indicator of image quality. Simple
images require a much higher SNR
than complicated ones for the same
visual quality.

A related phenomenon is the
masking of detail in a new scene by the
presence of a previous scene. Repeat-
ing an earlier experiment by Seyler??
in our own laboratory, we found that
a new scene could be radically defo-
cussed and then refocussed with a time
constant of 0.5 sec, without visible ef-
fect. Recently, Glenn has demon-
strated that it takes about 0.2 sec to
perceive higher spatial frequencies in
newly revealed areas.2® This effect is
nature's gift to temporal differential
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transmission systems, since it allows
new scenes to be built up over a period
much longer than a frame.

Motion Rendition

Americans believe that it was Edi-
son? who discovered that the illusion
(sic) of motion could be produced by
viewing a rapid sequence of slightly
different images. This is the “phi mo-
tion" of psychology. in which the suc-
cessive flashing of two small lights,
with the appropriate time and space
separation, makes it appear that a light
moves from the first position to the
second.?” Should the angular jump be
too large or the interval too long, the
motion effect is discontinuous, and in
some cases, can even be retrograde.
We have all seen wheels standing still
or even moving backward. This stro-
boscopic effect, which has its uses, of
course, is an example of temporal ali-
asing. Like other kinds of aliasing, it is
but one possible defect that should be
traded off against others for optimum
image quality. The smoothness of
motion is directly related to filling the
gaps between successive positions. The
degree of temporal bandlimiting re-
quired to preclude temporal aliasing
absolutely, has the effect of blurring
moving objects.?® Especially in low-
frame-rate systems, it may be prefer-
able to show a sequence of sharp still
images rather than a continuously
moving image so blurred as to be use-
less.

Careful observation shows that
motion is generally smoother in TV
than in motion pictures. This is be-
cause the TV system actually takes 60
pictures/sec, as compared to 24 for
film. In addition, most TV cameras
integrate for the full Ve sec, while all
motion-picture cameras use¢ exposure
times of less than (and sometimes very
much less than) ‘44 sec.

Objects that move across the retina
while the eyes are fixated elsewhere
are blurred by the temporal upper
frequency limit of the HVS. The same
thing happens in TV cameras, which is
harmless unless the observer happens
to be tracking the object. In that case
the TV (or motion-picture) represen-
tation is disappointing. There is thus no
way the TV camera can satisfy the
entire audience when the scene con-
tains two or more important moving
objects.

* No doubt other countries have their own favorite in-
ventors of motion pictures.

448

Color

Color is not a principal preoccupa-
tion of this paper since colorimetry is
quite satisfactory in existing systems.
In a new system design not constrained
by the requirement of compatibility,
however, there are several simple ways
of adding color to a monochrome sig-
nal. Based on the lower required spa-
tial color resolution, these methods
increase the channel capacity by 20%
or less.2® More complicated systems
decrease the color penalty even more.30
At these incremental levels, the color
picture, with slightly lower luminance
resolution, is usually far superior in
perceived quality, almost however
measured, to the monochrome picture
with slightly higher luminance reso-
lution.3! Thus, the addition of color
can be viewed as a valuable way to
decrease the total channel capacity for
a given subjective quality.

It is also possible, but not yet dem-
onstrated as far as we know, that the
required temporal bandwidth for color
is less than for luminance, in which
case an additional possibility for
compression would be available.32

Performance Goals for TV Systems

Perfection

A perfect system can be defined as
one that gives a convincing illusion of
reality. This probably would not re-
quire 3-D reconstruction, as might be
done holographically. A very wide field
of view is quite effective.’? Assume
that 90° vertically and 180° horizon-
tally would be enough. The question,
then, is the required resolution. A
frame rate of 100/sec would certainly
prevent flicker, but even that would not
keep rapidly moving objects in focus.
Using 50 cpd as the upper perceptual
limit, a raster of about 9000X 18,000,
or 162 million samples/frame would
suffice, for a total rate of 16 billion
samples/sec. Of course such a signal
would have very high redundancy and
could be greatly compressed. Never-
theless, the obstacles to constructing
such a system are insurmountable at
present.

Idealism

An ideal system, for our purpose,
can be based on resolution parameters
so high that raising them would not
materially improve quality. We would,
however, accept a more limited field of
view and the motion rendition obtain-
able at 60 frames/sec. For a 45° X 90°
field of view and a sampling density of
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1963.)

12/mm at normal viewing distance (30
c¢m), which is considered excellent
quality for continuous-tone color
prints, we would have a more modest
3000X6000 raster — a mere 18 mil-
lion samples/frame, or | billion sam-
ples/sec. To get the full benefit from
this resolution, we should probably
raise the frame rate somewhat —
perhaps to 80/sec, for a rate of 1.25
billion samples/sec. These pictures
would give the effect of looking at the
real world through a large window,
except that if we were to track rapidly
moving objects (those that move across
the screen in less than 4 sec or s0), we
would see a definite loss of resolu-
tion.

Theatre Quality

The term “‘theatre quality™ is very
poorly defined, since film is getting
better and better,?* and we now know
how to make nearly diffraction-limited
optics. For the sake of discussion, for
35mm film with a frame height of
18mm and 30 to 50 line pairs/ mm as-
sumed for the effective resolution limit,
1080 to 1800 lines and 1.5 to 4.3 mil-
lion samples/frame would be required.
This is in accordance with the NHK
experience.

Equating TV and film quality is not
simple and certainly requires careful
subjective testing. The spatial fre-
quency response of film and optical

systems tends to fall monotonically,
starting at a low spatial frequency
(Fig. 7). Television systems have a
rather well-defined upper frequency
limit, but within the passband we are
free to use aimost any characteristics
we wish. A considerable degree of
sharpening is possible and is routinely
used in electronic-based graphic arts
systems.33

Vision-Based Design

Spatial Filtering, Sampling, and
Interpofation

Input and output still images are
inherently spatially continuous. When
represented by an array of numbers,
the continuous-discrete and discrete-
continuous conversions can have a
significant effect on image quality.
Since analog TV is sampled only in the
vertical direction, this section applies
principally to processing designed to
give maximum vertical sharpness
without artifacts.

A basic problem with discrete
imaging systems lies with the sampling
theorem, which states that the recov-
erable signal bandwidth (Nyquist
bandwidth) is one-half the sampling
frequency. At the transmitter, the
bandwidth should therefore be limited
to the Nyquist value to prevent ali-
asing, but there is no obvious mecha-

nism for accomplishing this in a TV
camera. Furthermore, if we somehow
did implement such a filter, the ringing
associated with sharp horizontal edges
would be unacceptable. There is an
optimum filter and its implementation
will be discussed shortly.

At the display, it clearly would be
desirable to eliminate the scan lines.
They are obtrusive and, due to the
masking effect, suppress the high-
frequency structure to some extent.
Achieving this result by defocussing
the more or less Gaussian scanning
beam causes noticeabie loss of sharp-
ness. Relying on the filter of the HVS
produces a similar effect, although
with less loss of sharpness. In any
event, the effect of the HVS is strongly
dependent on the angular subtense of
the scan lines at the eye (Fig. 6). When
viewing an NTSC picture at 4H, the
line structure is 34 cpd. At these spa-
tial frequencies, visual response drops
about 18 dB/octave. Thus the line
structure is attenuated 18 dB com-
pared to the signal components at the
upper end of the Nyquist band. How-
ever, to achieve this separation, the
signal components are also attenuated
substantially. Viewed at 2H, the rela-
tive attenuation is only about 12 dB.

Vertical filtering can be done ef-
fectively by operating both camera and
display at-a substantially higher line
rate, and interposing processing ele-
ments between camera and channel
and channel and display (Fig. 8). At
both camera and display, this could
give enough vertical samples to im-
plement the appropriate digital filter.
At the display, such up-conversion
would also raise the line rate to a point
where the HVS could more easily
separate the structure from the image.
Incidentally, but perhaps importantly,
high-line-rate operation of the camera
might well ameliorate the problems
discussed above due to the nonlinear
target discharge, especially with pro-
gressive scanning. The application of
similar methods to still pictures has
resulted in a channel capacity saving
of as much as 40% for the same per-
cetved quality, as compared with sim-
ple-minded methods.?%

Standard

High Rate
Camera

— Prefilterl— Sampler

Interpolater |~

High Rate
Display

Rate Signal

Figure 8. The modified TV chain.
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Temporal filtering, Sampling, and
interpolation

This situation is analogous to that
caused by spatial sampling. In this
case, the sampling theorem tells us that
30 frames/sec results ina 15-Hz Ny-
quist bandwidth. To avoid aliasing
(jerky or stroboscopic motion), we
should low-pass filter before sampling.
Since a camera that integrates per-
fectly for the frame (or field) time is
hardly an ideal filter, we could tailor
presampling filters much more accu-
rately if the camera operated at four or
five times the frame rate. At the dis-
play, the extra samples would have a
similar effect, but in addition, as in the
spatial case, would raise the rate of the
flicker so that it could more easily be
separated from the baseband by the
HVS.

Three-Dimensional Processing
The spatial and temporal processing
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discussed above could be combined so
that the filters of Fig. 8 would be 3-D.
Such filters require frame and line
stores and can only be implemented
digitally. In such a TV system, discrete
in all three dimensions, the question of
the sampling pattern of the channel
signal,} as well as the corresponding
3-D Nyquist bandwidth, must be dealt
with.

The Cartesian pattern of Fig. 9 gives
the Cartesian spectrum of Fig. 10,
while the interleaved pattern of Fig. 11
gives the odd-looking spectrum of Fig.
12. (Other 3-D patterns are possible.)
This pattern trades off spatial and
temporai bandwidth in a manner that
probably is better than the Cartesian
pattern, although observer tests are
necessary to be sure. It has higher
spatial response at low temporal

! The sampling patterns of the camera tube and display
are of little importance since they will not be detected
by the viewers.

4.4.10

- Figure 12. Alias-free bandwidth for temporal/spatial interleaving.

frequencies and vice versa, and higher
vertical and horizontal resolution than
diagonal.

Interleaved sampling bears some
relationship to present-day interlace,
which is used primarily to double the
flicker rate. However, we can think of
the vertically offset sampling of stan-
dard interlace as a means of raising the
(time-averaged) vertical resolution for
a given vertical scan rate. In this en-
deavor it mostly fails, for the reasons
cited. Interleaved sampling as de-
scribed here, however, when used in
conjunction with appropriate 3 ™
presampling and interpolation filters,
has none of the defects of ordinary in-
terlace. It aims for and gets no “free”
expansion of bandwidth. In fact, the
volume of the 3-D Nyquist bandwidth
is identical for all sampling patterns
that have the same number of samples
per unit (x,y,t) volume. What inter-
leaved sampling does do is to change
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the shape of the Nyquist bandwidth
from Cartesian to one that may be
better.

It would be difficult to implement a
filter with the response shown in Fig.
12. However, an ellipsoidal impulse
response would approximate it and, if
Gaussian, would be separable and
therefore practical. Since a form of
Gaussian filter was found optimum in
the studies cited,20 it is quite likely to
work well in this case.

Multi-Channel Systems

There is some evidence that the
HYVS treats various spatial frequency
components of the visual stimulus so
differently that an advantage can be
gained by separating the signal into
two or more channels and using dif-
ferent transmission parameters for
each component. This is quite in ac-
cord with widely held theories that the
visual system is organized in this
manner.’’” A number of systems
quantize low and high spatial
frequencies differently, using a rather
coarse quantization in the highs
channel.’® The quantization noise,
preferably randomized.’? tends to be
masked by the high-frequency detail.

Glenn has suggested that the high
frequencies can be transmitted at a
lower frame rate.® Although some
trade-off between spatial and temporal
response is possible by offset sampling,
Glenn goes much further, transmitting
the highs at only 5 frames/sec. [n the
case of newly uncovered stationary
detail (a new scene, or newly revealed
background that emerges from behind
a moving foreground object), this
seems to work rather well. In the case
of detailed objects moving in the scene,
the blurring must be much worse than
at 30 frames/sec. It is possible that
visual acuity in the tracking mode is
sufficiently low that this is permissible.
Clearly more work needs to be done on
this technique, since if successful it
would permit substantial saving.

Conclusion .

We have described TV transmission
as a problem in the analysis of linear
systems. A review of the literature on
visual psychophysics as it applies to
this formulation has revealed a number
of possibilities for the improvement of
picture quality in relation to channel
bandwidth. These involve 3-D pro-
cessing at both transmitter and re-
ceiver, and, in the latter case, would be
practical only with a high degree of
circuit integration.
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Specific visual problems due to the
characteristics of camera and display
devices and to the use of interface have
been pointed out. The amelioration of
such effects by operating these devices
at very high line and frame rates re-
quires rather complicated signal pro-
cessing, but presents the prospect of
significant improvement in the utili-
zation of transmission channel ca-
pacity.
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